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(Background: Subunits D and F are essential in ATP hydrolysis and reversible disassembly of V,V5-ATPases.
Results: First crystallographic structure of eukaryotic V-ATPase subunit D and entire subunit F is presented.
Conclusion: Structural elements in subunits D and F enable the DF assembly to become a central motor element in the engine

Significance: Mechanistic understanding of the subunit DF assembly and its key roles in enzyme catalysis and regulation are
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Eukaryotic V,V5-ATPases hydrolyze ATP in the V, domain
coupled to ion pumping in V. A unique mode of regulation of
V-ATPases is the reversible disassembly of V, and V, which
reduces ATPase activity and causes silencing of ion conduction.
The subunits D and F are proposed to be key in these enzymatic
processes. Here, we describe the structures of two conforma-
tions of the subunit DF assembly of Saccharomyces cerevisiae
(ScDF) V-ATPase at 3.1 A resolution. Subunit D (ScD) consists
of a long pair of a-helices connected by a short helix
("IGYQVQE®®) as well as a -hairpin region, which is flanked
by two flexible loops. The long pair of helices is composed of the
N-terminal a-helix and the C-terminal helix, showing structural
alterations in the two ScDF structures. The entire subunit F
(ScF) consists of an N-terminal domain of four 3-strands (81—
B4) connected by four a-helices (al1-a4). al and 32 are con-
nected via the loop GQITPETQEK?®®, which is unique in
eukaryotic V-ATPases. Adjacent to the N-terminal domain is a
flexible loop, followed by a C-terminal a-helix («5). A perpen-
dicular and extended conformation of helix a5 was observed in
the two crystal structures and in solution x-ray scattering exper-
iments, respectively. Fitted into the nucleotide-bound A;B;
structure of the related A-ATP synthase from Enterococcus
hirae, the arrangements of the ScDF molecules reflect their cen-
tral function in ATPase-coupled ion conduction. Furthermore,
the flexibility of the terminal helices of both subunits as well as
theloop 2*GQITPETQEK®” provides information about the reg-
ulatory step of reversible V,V disassembly.
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Eukaryotic V-ATPases (V,V,-ATPases)* are ATP-driven
ion pumps, which generate an electrochemical proton gradient
or proton-motive force across the membranes, leading to acid-
ification of intracellular compartments (1, 2). Intracellular
compartments of eukaryotic cells require the maintenance of
acidic luminal pH by V-ATPase. The enzyme is also targeted to
the plasma membrane and is involved in extracellular acidifica-
tion of some specialized cells in the kidney, epididymis, and
bone tissues (3). The V-ATPase acidifies the extra-tumoral
environment in cancer (4). The pH becomes more acidic as the
exocytic and endocytic vesicular trafficking pathways reach
their destination (5). The regulation of V-ATPase function and
V-ATPase-driven differential acidification is described to be
achieved by the following: (a) modulation of V-ATPase
dependent acidification via a chemiosmotic mechanism; (b)
regulation of coupling of the V-ATPase; (c) subunit-specific
targeting of V-ATPase; and (d) regulation of V-ATPase activity
via reversible dissociation of the V; and V5 parts of the protein
(5).

Eukaryotic V-ATPases consist of 14 different subunits
A;B;CDESFG3Hac,c,'c."d, e, where the stoichiometry (x,9,2) of
the ¢, ¢/, and ¢’ subunits are not known (6). Many of these
subunits are present in multiple isoforms (3, 7). V,V4-ATPases
have a bipartite structure consisting of a soluble cytoplasmic V;
domain (subunits A;B;CDE;FG;H) and a membrane-inte-
grated V5 domain (subunits g, ¢, ¢, ¢, d, e). Electron micros-
copy image analysis (8-11) and small-angle x-ray scattering
(SAXS) (12, 13) have provided a general outline for the struc-
tural organization of the V; and V, parts as well as the entire
enzyme (Fig. 1). Both parts are linked by connecting regions
that are important for coupling ion translocation in V5 with
ATP hydrolysis in V; and are proposed to be involved in regu-
lating the activity of the enzyme by reversible disassembly.
These connecting regions consist of the central stalk subunits
(D, F, and d) and peripheral stalk subunits (E, G, C, H, ¢, and a).

“The abbreviations used are: V-ATPase, V,V,-ATPase; SAXS, small angle x-ray
scattering; r.m.s.d., root mean square deviation; MAD, multiwavelength
anomalous dispersion; AMP-PNP, adenosine 5’-(B,y-imino)triphosphate.
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FIGURE 1. Arrangement of the existing individual atomic subunit structures in the EM map of the S. cerevisiae V-ATPase. Subunits C (1U7L; salmon), H
(1HOB8, brown), and F(1-94) (41X9, blue) from S. cerevisiae were fitted into the EM map. The two conformations of EG subunits, the straight (4DLO; green and cyan)
and more bent (4EFA; lemon and pale cyan) are fitted to the three peripheral stalks. Inset, region of the EM map showing the interaction of modeled subunit H
(Ser-381) (yellow) through the sulfhydryl cross-linker 4-(N-maleimido)benzophenone (62) (stick; green) to the S. cerevisiae subunit F(1-94) (Glu-31). Left panel,
schematic representation of the structures of the individual S. cerevisiae subunits C (1U7L; salmon), F(1-94) (41X9, blue), H (1HO8, brown), and EG in two
conformations, straight (4DLO; green and cyan) and bent (4EFA; lemon and pale cyan).

In the last decade, the structures of the individual eukaryotic
V-ATPase subunits C (14), E (15-17), F(1-94) (18), G (15, 19,
20), and H (21) were determined, all from the Saccharomyces
cerevisiae enzyme. These structures fit into a cryo-EM map of
the S. cerevisiae V-ATPase as shown in Fig. 1.

During catalysis the central stalk subunit F is proposed to
undergo structural alterations by interacting with subunits A,
B, D, and 4 in a nucleotide-dependent manner (22, 23). Most
recently, we determined the crystallographic structure of the
N-terminal 94 amino acids domain (ScF(1-94)) of the 118-res-
idue S. cerevisiae subunit F (18). ScF(1-94) has an elliptical
shape with a size of 30 X 16 X 38 A (Fig. 1). It contains four-
parallel B-strands, which are intermittently surrounded by four
a-helices forming an egg-shaped structure. Unknown so far are
the structures of the C-terminal domain of ScF as well as the
structure of the entire subunit D. Both are described as the key
elements in coupling ATPase activity in the A;B; headpiece via
a rotary-like mechanism with ion conduction in the V part
(24). Furthermore, subunit F has been proposed to transmit the
signal for V, V5 disassembly by interacting with stalk subunit H
and the nucleotide-binding subunits A and B in the V, part (4,
11, 18).

Understanding the enzymatic and regulatory functions of the
two stalk subunits D and F requires knowledge of their high
resolution structure. Here, we present the first structural mod-
els of the S. cerevisiae DF assembly (ScDF) at a resolution of 3.1
A. The structural models of ScDF show the molecular interac-
tions between both subunits as well as the catalytic A;B; head-
piece of the V-ATPase, and they provide important insight into
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an interface essential for the structural integrity of the enzyme.
Finally, the new structures shed light onto the coupling events
of ATP-dependent ion pumping and reversible disassembly.

EXPERIMENTAL PROCEDURES

Biochemicals—Chemicals of analytical grade were obtained
from Biomol (Hamburg, Germany), Merck, Sigma, or Serva
(Heidelberg, Germany). Nickel-nitrilotriacetic acid chroma-
tography resin and chemicals for SDS-PAGE were obtained
from Qiagen (Hilden, Germany) and Bio-Rad, respectively.

Purification of the S. cerevisiae V-ATPase DF Assembly—
Cloning, production, and purification of the recombinant DF
heterodimer of the S. cerevisiae V-ATPase (ScDF) has been
described previously (18). The selenomethionine DF assembly
was produced in E. coli strain BL21 (DE3) cells by growing 5-ml
culture cells overnight at 37 °C in Luria-Bertani (LB) medium,
which contained 100 ug/ml carbenicillin. The cells were pel-
leted by centrifugation (6,000 X g), resuspended in M9 minimal
media, pelleted (1,000 X g), and resuspended twice. The cell
suspension was used to inoculate 1 liter of pre-warmed (37 °C)
M9 minimal media and grown at 37 °C. When the A, of 0.6
was obtained, the minimal media were supplemented with 100
mg/liter lysine, phenylalanine, and threonine, 50 mg of isoleu-
cine, leucine, and valine, and 25 mg of selenomethionine and
incubated for 15 min. Thereafter, protein production was
induced by the addition of isopropyl B-p-thiogalactopyrano-
side to a final concentration of 0.8 mm, and growth was contin-
ued at 37 °C for 4 h. The selenomethionine-substituted ScDF
was purified as described earlier (18), except that 1 mm dithio-
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threitol (DTT) was used in all buffers to avoid oxidation of
selenium.

Crystallization of the DF Heterodimer—Crystallization of the
native ScDF was done using the vapor diffusion method and
commercially available screens. Hanging drops were set up by
mixing 1 pl of the purified ScDF (5 mg/ml and 8 mg/ml) in
buffer, 50 mm Tris/HCI, pH 8.5, 250 mm NaCl, 5 mm EDTA
with 1 ul of the precipitant solution and incubated at 18 °C
against 500 ul of mother liquor. Initial crystals were obtained in
Hampton research crystal screen 1, condition 11 (0.1 M sodium
citrate tribasic dehydrate, pH 5.6, 1.0 M ammonium phosphate
monobasic). Good diffraction quality crystals were obtained in
optimized condition of 0.1 M sodium citrate tribasic dehydrate,
pH 5.6, 1.2 M ammonium citrate monobasic. The crystals were
flash-frozen in liquid nitrogen at 100 K in crystallization buffer
containing 25% (v/v) glycerol. For the selenomethionine ScDF,
the final buffer was exchanged with 50 mm Tris/HCI, pH 8.5,
250 mm NaCl, 5 mm EDTA, and 2 mm tris(2-carboxyethyl)-
phosphine (TCEP). Further optimization was done using addi-
tives from Hampton research, and the crystals, grown in the
presence of 3-(1-Pyridino)-1-propane sulfonate (NDSB), were
finally used for structural studies.

Data Collection and Processing of X-ray Diffraction Data—
X-ray diffraction data for the native ScDF crystal was collected
at the National Synchrotron Radiation Research Centre, Tai-
wan. Initial attempts to get a solution by molecular replace-
ment, using the subunit DF structures of related Enterococcus
hirae A-ATP-synthase (3AON and 3VR4 (25, 26)) and Thermus
thermophilus (3W3A (27)), as well as the S. cerevisiae mutant
structure, ScF; o, (41X9) (18), were unsuccessful. Therefore, sel-
enomethionine crystals of ScDF were produced as described
above, and multiwavelength anomalous dispersion (MAD) data
were collected at the synchrotron beamline 13B1 of the
National Synchrotron Radiation Research Centre in Taiwan
using the Q315 detector. Three datasets were collected to a 3.1
A resolution from a single crystal at the appropriate inflection,
peak, and remote wavelengths that were selected from a sele-
nium absorption spectrum. Data were collected as a series of 0.5
oscillation images covering a crystal rotation range of 200 on
cryo-cooled crystals at 100 K. The MAD dataset was indexed,
integrated, and scaled using the HKL2000 suite of programs
(28). The data were cut off at 3.1 A based on the CC, ,, statistics
(29) (correlation coefficient between two random halves of the
data set where CC,,, >10%) to determine the high resolution
cutoff for our data. Phenix (30) was used to compute the CC,,,
(78.7% for the highest resolution shell and 99.9% for the entire
data set), supporting our high resolution cutoff determination.

The structure of ScDF was phased by the single wavelength
anomalous diffraction method, using the peak dataset at 3.1 A
of the selenomethionine MAD data set. The Shelx program (31)
and the Autorickshaw server were used to identify 5 out of 14
selenium sites in the protein (32, 33). The resulting phases were
channeled into Pirate for density modification (34), and auto-
mated model building was done using Buccaneer of CCP4 suite
(35). Manual correction of the model was done with COOT
(36), and refinement was carried out using REFMAC of the
CCP4 suite (37). A final check on the stereochemical quality of
the final model was assessed using PROCHECK (38) and Mol-
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probity (39), and any conflicts were addressed. Molprobity
analysis indicated that the overall geometry of the final model
was ranked in the 100th percentile (Molprobity score of 1.69).
The clash score for all atoms was 2.87 corresponding to a 100th
percentile ranking of structures of comparable resolution. All
the figures were drawn using the program PyMOL (40). The
structure refinement statistics are given in Table 1. The atomic
coordinates and structure factors have been deposited in the
Protein Data Bank with accession code 4RND.

Solution Small Angle X-ray Scattering of Subunit F—SAXS
data of recombinant subunit F of the S. cerevisiae V-ATPase
(ScF), purified according to Basak et al. (18), were measured
with the Bruker NANOSTAR SAXS instrument, equipped with
a MetalJet x-ray source and Vantec 2000 detector system (41).
The x-ray radiation was generated from a liquid gallium alloy
with microfocus x-ray source (K, = 1.3414 A with a potential of
70 kV and a current of 2.857 mA). The x-rays are filtered
through Montel mirrors and collimated by the two-pinhole sys-
tem. The sample to detector distance was set at 67 cm, and the
sample chamber and x-ray paths were evacuated. Protein con-
centrations of 2.0 and 4.2 mg/ml of ScF have been measured at
15 °C with a sample volume of 40 wl in a vacuum tight quartz
capillary. The buffer containing 50 mm Tris, pH 7.5, 200 mm
NaCl, and 5 mm EDTA was measured twice. For each measure-
ment, a total of six measurements at 5-min intervals were
recorded. The data were flood-field, spatially corrected, and
processed using the inbuilt SAXS software. The data were
tested for possible radiation damage by comparing the six data
sets, and no changes were detected. The scattering of the buffer
was subtracted, and the difference curves were scaled for the
concentration. All the data processing steps were performed
automatically using the program package PRIMUS (42). The
experimental data obtained for different concentrations
were analyzed for aggregation and folding state using Guinier
(43) and Kartky plots (44), respectively. The forward scattering
1(0) and the radius of gyration R, were evaluated using the
Guinier approximation (43). These parameters were also com-
puted from the entire scattering patterns using the indirect
transform package GNOM (45), which also provided the dis-
tance distribution function p(r), which gives the maximal
particle diameter, D ... The hydrated volume Vp, used to esti-
mate the molecular mass of globular proteins, was computed
using the Porod invariant. Empirically, it was found that the
hydrated volume in cubic nanometers should numerically be
between 1.5 and 2 times the molecular mass in kilodaltons (46).
Low resolution models of subunit F were built by the program
DAMMIN (47). Ab initio solution shapes of subunit F were
obtained by superposition of 10 independent model recon-
structions with the program package SUBCOMP (48) and
building an averaged model from the most probable one using
the DAMAVER program (49).

Comparison of the experimental scattering curve with the
theoretical scattering curves calculated for the monomer of
subunit F with both conformations, parallel and perpendicular,
were performed with CRYSOL (50). The dimer of subunit F in
parallel or perpendicular conformation and a dimer model con-
taining both conformations in one were modeled based on the
truncated crystal structure of S. cerevisiae F(1-94) (Protein
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Statistics of data collection, processing, and refinement for SeMet ScDF

Peak Inflection Remote

Wavelength (A) 0.978 0.979 0.963
Space group . P6, P6, P6,
Unit cell parameters (A)

a=b(A) 168.063 168.34 168.47

c(A) 128.629 128.68 128.86

a=pB() 90 90 90

° 120 120 120

Solvent content (%) 80.27 80.31 80.38
No. of molecules in the asymmetric unit 2 2 2
Resolution range (A) 30-3.1 (3.25-3.17)° 30-3.5 (3.73-3.6) 30-3.6 (3.73-3.6)
Total no. of reflections 425,295 79,622 72,990
No. of unique reflections 38,345 27,857 21,998
16" 19.1(1.2) 10.1 (0.5) 9.6 (1.2)
Completeness (%) 99.0 (90.1) 94.6 (73.6) 97.9 (93.6)
Rierge” (%) 9.9 (84.9) 12.1(73.7) 17.0 (82.7)
Multiplicity 114 (8.7) 4.8 (4.0) 4.7 (3.8)
CCyp 99.9 (78.7) 99.9 (69.3) 99.9 (63.7)
Refinement statistics

R-factor® (%) 20.4

R-free? (%) 23.2

No. of waters 59

No. of glycerols 3
MolProbity statistics

Ramachandran favored (%) 97.37

Ramachandran outliers (%) 0

Clash score 2.87
r.m.s.d.

Bond lengths (A) 0.006

Bond angles (°) 1.043
Overall B values

From Wilson plot (A?) 56

Mean B value (A?) 37

“Values in parentheses refer to the corresponding values of the highest resolution shell.

? Reerge = 230, — I|/23,1,,, where I,is the mean intensity for reflection .

¢ R-factor = X||F,| — |F.|/Z|F,|, where F, and F, are measured and calculated structure factors, respectively.
4 R-free = 3|F,| — |F|/2|F,], calculated from 5% of the reflections selected randomly and omitted during refinement.

Data Bank code 4IX9 (18)), and their theoretical scattering
curves were computed. Analysis showed that the dimer (paral-
lel y = 1.85; perpendicular y = 2.05; both y = 1.93) had a better
fit than the monomer (parallel y = 2.20; perpendicular y =
2.08). The models were then used in OLIGOMER (42) to find
the best fit to a multicomponent mixture of proteins. A fit of
x = 1.62 was achieved when both conformations of the dimer
were present in equal amounts (perpendicular to parallel con-
formation of 51:49%), and no monomers were present. A dimer
model was generated using CORAL (52) allowing flexibility for
the loop (95-105) between the globular domain and the C-ter-
minal helix (52).

RESULTS

Crystallographic Data of the ScDF Heterodimer—The com-
plex of the subunits D (256 residues) and F (118 residues) of the
S. cerevisiae V-ATPase was crystallized in the hexagonal space
group P6,, and its structure was determined by selenium SAD
method and refined to 3.1 A resolution. Assuming two ScDF
molecules in the asymmetric unit, the solvent content was
80.27% and the V,, was 6.09 A2 (53). The two molecules of ScDF
(called ScDF1 and ScDF2) are arranged in a head to tail orien-
tation in the asymmetric unit (Fig. 24). The final asymmetric
unit consists of two molecules of ScDF and 59 molecules of
water and 3 glycerol molecules (Fig. 24). The final R-factor and
R-free (calculated with 5% of reflections that were not included
in the refinement) were 0.20 and 0.22, respectively. In the
ScDF1 and ScDF2 molecules, the residues 27—-204 and 37-203
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of the 256 amino acid subunit D were assigned, respectively. In
the case of ScDF1, all 118 residues of subunit F were resolved in
the structure, whereby amino acids 1-116 could clearly be
assigned in the ScDF2 molecule. The side chain densities for all
the amino acids are well resolved. Ramachandran restraints
were turned on during real space refinement in Coot (36). Val-
idation with the ERRAT server (54) gave an overall quality fac-
tor of 94%.

Overall Structure of ScDF—The overall structure of S. cerevi-
siae DF assembly is shown in Fig. 2B. Subunit D of the S. cerevi-
siae V-ATPase consists of a long pair of a-helices (110 A), con-
nected by a short helix ("’IGYQVQE®?) as well as a B-hairpin
region, which is flanked by two flexible loops. The long pair of
helices is composed of the N-terminal a-helix, which com-
mences from Tyr-29 to Thr-75, and the C-terminal helix, con-
taining residues Gly-128 to Arg-202. The remaining portion
containing residues 76 —127 is composed of a short B-hairpin
region formed by residues Phe-92 to Ile-113, two flexible loops,
and a short a-helix. The N-terminal helix consists of both
hydrophobic residues and hydrophilic residues and is slightly
basic. The short helix ("’ IGYQVQE®) is slightly acidic (Fig.
2B). The B-hairpin region contains hydrophobic and hydro-
philic residues. The C-terminal helix mostly contains acidic
residues. There is a slight bend in the C-terminal helix near the
hinge region where a conserved Pro-179 is located. In compar-
ison, a clear break can be seen in the same position of this helix
near the proline-induced hinge region of the ScDF2 molecule.
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H. sapiens 1 ----MAGRGKLIAVIGDEDTVTGFLLGG IGELN-KNRHPNFLVVEKD -TT INEIEDTFRQFLN -RDD I
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T. thermophilus 1 -===== MVPVRMAV IADPETAQGFRLAG - - = = = = = = = = = = = - LEGYGASSAEEAQSLLETLVE -RGGY
E. hirae 1 ----MTYK---IGVVGDKDSVSPFRLFG - = ---«--«---- FDVQHG - TTKTE IRKT IDEMAK - - NEY
——— -G —— >~ —0

— ) — G — -G
S. cerevisiae 65 AILLIN-QHIAENIRARVDSFT-NAFPA l.‘I_LE 1/PIS KDHP YDP EKDS - - VLKRVRKLFGE - - = - - = - - - -
H. sapiens 62 GIILIN-QYIAEMVRHALDAHQ -QS IPAVLE I|PjS KEHP YDAAKDS - - ILRRARGMFTAEDLR - - - - - -
M. sexta 66 DITLIN-QNVAELVRHV IDAHT - APVPS VLE IS KDHP YDAS KDS - - ILRRAKGMFNPEDLVR - - - - -
M. mazei 46 GILVMHNDD IGNLPEVLRKNLNES VQPTVVALGGS - - - -GSGSTS - -LREKIKQAVGVDLWK - - - - - -
T. thermophilus 48 ALVAVDEALLPDPERAVERLMRGRDLPVLLP IAGLKEAFQGHDVEGYMRELVRKT IGFDIKL - - - - - -
E. hirae 46 GVIYIT-EQCANLVPET IERYKGQLTPAIILIPSHQGTLG IGLEE - - IQNSVEKAVGQNILSGPSSGE
) — e — G = O G —————————————

FIGURE 2. Crystal structure of S. cerevisiae subunit DF complex. A, crystal structure of DF complex of the S. cerevisiae V-ATPase in an asymmetric unit; ScDF 1
is shown in wheat and blue, and ScDF2 is shown in orange and light blue, respectively. B, schematic representation of the ScDF 1 complex; ScD and ScF are shown
in wheat and dark blue, respectively. Proline 179, which is conserved in all the eukaryotic ATP synthases, is labeled. C, schematic representation of ScF1 (dark
blue), with the unique C terminus helix conformation and the a-helices and B-strands labeled. D, sequence alignment of subunit F from different ATPases. The
secondary structure elements of subunit F from E. hirae and S. cerevisiae are shown. The conserved sequence in the eukaryotic ATP synthase is shown within the
box. The “GQITPETQEK?? loop of the F subunit is highlighted in red. The conserved Pro-89 is highlighted in red and is present in V-ATPases as well as A-ATP
synthases. Proline 95, which is conserved in eukaryotic V ATPases, is highlighted by a green frame.
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The r.m.s.d. value between the D subunit of the ScDF1 and
ScDF2 molecule for 161 Car atoms is 6.3 A, compared with an
r.m.s.d. of 1.0 A for the first 117 equivalent Ca atoms of subunit
D. These data indicate that movement of the C-terminal helix
occurs around the hinge region of subunit D with maximum
movement beginning after residue Ala-155.

The 118-residue-long subunit F of the S. cerevisiae V-ATPase
reveals four parallel B-strands, which are enveloped by five
a-helices (Fig. 2C). The four B-strands (81-[34) are arranged
parallel to each other and are connected by five a-helices (al1-
a5). In both molecules, the conformation is similar except for
the a5-helix. The four B-strands (81, Leu-7 to Ala-12; (2,
Phe-37 to Val-39; 83, Ile-64 to Asn-70, and 34, Ala-90 to Ile-94)
and the four a-helices (al, Glu-14 to Ala-23; o2, Lys-47 to
Glu-60; a3, GIn-71 to Glu-75, and o4, Arg-78 to Ser-83) form
the N-terminal globular domain. This N-terminal domain is
connected via a flexible loop of 12 residues (Pro-95 to Asp-106)
to the C-terminal a-helix (a5, residues Ser-107 to Leu-115). As
confirmed by amino acid sequence alignment, the subunit
F structure contains a unique loop between «l and f2
(**GQITPETQEK®) and a highly conserved loop with a
S°ERDD®? motif between a2 and 83, which are present only in
eukaryotic V-ATPases (Fig. 2D). The C-terminal helix a5 con-
sists of mostly positively charged residues (**”SVLKRVRKL''®).
The r.m.s.d. (Ca) between the 115 residues of subunit F of the
ScDF1 and ScDF2 molecule is 3.5 A. In comparison, the r.m.s.d.
of the N-terminal 94 Ca atoms of subunit F in both molecules
(ScDF1 and ScDF2) is 0.3 A, reflecting that the maximum dif-
ferences are prevailing in the C-terminal region. As shown in
Fig. 4A, the flexible loop (Pro-95 to Asp-106) of subunit F in the
ScDF1 molecule is bent at residue Lys-105, causing a perpen-
dicular orientation of its C-terminal helix a5 relative to the N-
and C-terminal helices of subunit D. In comparison, in the
ScDF2 molecule the C-terminal helix o5 of subunit F is almost
parallel to the N- and C-terminal helices of subunit D.

The overall surface electrostatic potential of ScDF is com-
posed of both acidic and basic residues except the exposed N-
and C-terminal helix of subunit D, which are basic and predom-
inantly acidic, respectively (Fig. 3, A and B). The electrostatic
potential of the bottom of ScDF is also composed of both acidic
and basic residues. The hydrophobic residues are mostly found
in the interface region of subunits D and F (Fig. 34). In ScD the
hydrophobic site includes residues Leu-31, Leu-32, Lys-33,
Leu-39, Phe-43, Thr-47, Ille-50, Met-57, Met-61, Ala-64, Leu-
68, Val-71, and Ala-74 of the N-terminal a1-helix; amino acids
Phe-92, Val-94, Ala-96, Val-101, Val-104, Leu-106, and Phe-
109 of the B-hairpin region; and residues Val-143, Thr-145,
Leu-146, Leu-149, Leu-152, Phe-156, Ile-157, and Leu-159 of
the C-terminal helix a3. In the case of subunit F, the hydropho-
bic site is formed by the residues Ile-8, Ala-9, Val-10, Ile-11 and
Ala-12 located of B1; Ile-64, Ala-65, Ile-66, Leu-67 and Leu-68
on 33; Ala-90, Ile-91, Leu-92, and Ile-94 of B4; and the residues
Gly-19, Leu-20, Leu-21, and Leu-22 of the N-terminal helix 1.

Interaction of Subunits D and F—As revealed by Fig. 44, the
S. cerevisiae subunit F is bound to the lower middle part of
subunit D. The hydrophobic residues from the C-terminal helix
a3 of subunit D and a1 as well as 84 of subunit F, respectively,
generate the major contacts of the hydrophobic interface of
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both subunits. A second point of interaction is formed by the
26GQITPETQEK?® loop, which is in close proximity with
the loop residues **ESVSTARFK®* of subunit D, which span the
short helix ("’IGYQVQE®?) and the B-hairpin (Fig. 4B). In addi-
tion, the C-terminal helix a5 of subunit F of the ScDF1 and
ScDF2 molecule is interacting with the N- and C-terminal helix
of subunit D. In the case of the ScDF1 molecule, the interaction
of subunit D and F occurs via the amino acids Asp-51, Asp-160,
and Lys-54 and Arg-111, Arg-113, and Asp-102 of subunits
D and F, respectively (Fig. 4B). In comparison, residues Asp-160
and Thr-47 interact with Arg-111 and Arg-113 of subunits D
and F for the ScDF2 molecule (Fig. 4C). The existence of these
two conformations of helix a5 of subunit F relative to the ter-
mini of subunit D indicates a very flexible conformational
switching between an extended and slight compact conforma-
tion of subunit F.

Subunit F in Solution Studied by SAXS—The two conforma-
tions of the C terminus of the ScF structures may also represent
intermediate conformations that arise during movement about
the hinge regions. To understand whether subunit F is able to
undergo structural alterations in solution, SAXS experiments
were performed. SAXS patterns of recombinant subunit F of
the S. cerevisiae V-ATPase (ScF) were recorded at 2.0 and 4.2
mg/ml, which showed similar final composite scattering curves
(Fig. 5A and Table 2). The Guinier plots at low angles are linear
and revealed good data quality with no indication of protein
aggregation (Fig. 54, inset). The Kratky plot (I(s) X s* versus s)
(Fig. 5B, inset) shows a bell-shaped peak at low angles indicating
awell folded protein. The radius of gyration (R,) values from the
Guinier approximation were consistent at the two concentra-
tions measured with a value of 19.3 + 0.6 A. The distance dis-
tribution functions (p(r)) were similarly shaped for the concen-
trations used (Fig. 5B), and the maximum particle dimension is
D,... = 67.5 = 3 A. The gross shape of the subunit F was ab
initio reconstructed and had a good fit to the experimental data
in the entire scattering range and had a discrepancies of y* =
0.951. Ten independent reconstructions produced similar
envelope with normalized spatial discrepancy of 0.65 * 0.01,
and the average structure is shown in Fig. 5D.

The molecular mass as determined by the I, value, Porod
hydrated volume, and from the SAXS MoW server (55) ranged
from 21 to 24 kDa, indicating the presence of a dimer or a
mixture of both monomer and dimer in solution. Comparison
of the theoretical scattering curves for the monomer and dimer
in both parallel and perpendicular conformations in CRYSOL
confirmed the presence of dimer formation with the fit being
improved when both conformations of the dimer were present
in equal amounts. Based on the above observation, a dimer
model was generated using CORAL (52), which allows flexibil-
ity for the loop with the residues 95-105 between the globular
domain and the C-terminal helix a5 of ScF. This program per-
forms modeling of complexes against the experimental SAXS
data using a combined rigid body for the atomic structures of
the domains and the ab initio modeling of the unknown loop
regions. The CORAL model fits with y = 1.24 and reveals that
the two conformations (parallel and perpendicular) co-exists in
the same dimer with the C terminus being more compact in one
and more extended in another molecule of the dimer (Fig. 5, C
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(A)

(B)

S. cerevisiae MSG - NREQVFPTRMTLGLMKTKLKGANQGYSLLKRKSEALTKRFRDITKRIDDAKQKMGRVMQTAAFSLAEVSYATGENIGYQVQES

1

H. sapiens 1 MSGKDRIEIFPSRMAQT IMKARLKGAQTGRNLLKKKS DALTLRFRQ ILKKI IETKMLMGEVMREAAFS LAEAKFTAGD -FSTTV IQN
M. sexta 1 MSGKDRLA IFPSRGAQMLMKGRLAGAQKGHGLLKKKADALQVRFRLILSKI IETKTLMGEVMKEAAFSLAEAKFTTGD - FNQVVLQN
M. mazei 1---MAQQDVKPTRSEL INLKKKIKLSESGHKLLKMKRDGL ILEFFKILNEARNVRTELDAAFAKS TEKINLASAVNGM-VAVRS TAF
T. thermophilus 1 - - - - - MSQVSPTRMNLLQRRGQLRLAQKGVDLLKKKRDALVAEFFGLVREAMEARKALDQAAKEAYAALLLAQAFDGP -EVVAGAAL
E.hirae 1----MRLNVNPTRMELTRLKKQLTTATRGHKLLKDKQDELMRQF ILL IRKNNELRQAIEKETQTAMKDFVLAKS TVEEAF IDELLAL

_— e |
S. cerevisiae 87 VSTARFKVRARQENVSGVYLSQFESYIDPE INDFRLT -GLGRGGQQVQRAKE IYSRAVETLVELASLQTAF I ILDEVIKVTNRRVNA
H. sapiens 87 VNKAQVKIRAKKDNVAGVTLPVFEHYHE -GTDS YELT -GLARGGEQLAKLKRNYAKAVELLVELASLQTSFVTLDEAIKITNRRVNA
M. sexta 87 VTKAQ IKIRS KKDNVAGVTLP IFESYQD-GSDTYELA -GLARGGQQLAKLKKNFQSAVKLLVELASLQTSFVTLDEVIKITNRRVNA
M. mazei 84 TAKESPEIQLSGHNIMGVVVPKISS TGVRKSLYERGY-GIIGTNSYIDETADAYEDLVEKI ITAAELETTMKRLLDE IEKTKRRVNA
T. thermophilus 82 GVPPLEGVEAEVENVWGS KVPRLKATFPDGALLSP - - - - - VGTPAYTLEAS RAFRRYAEAL IRVANTETRLKKIGEE IKKTTRRVNA
E.hirae 84 PAEN-VS ISVVEKNIMS VKVPLMNFQYDETLNETPLEYGYLHSNAELDRS IDGFTQLLPKLLKLAEVEKTCQLMAEE IEKTRRRVNA

S. cerevisiae 173 TEHVIIPRTENTIAYINSELDELDREEFYRLKKVQEKKQNETAKLDAEMKLKRDRAEQDASEVAADEEPQGETLVADQEDDVIF -

H. sapiens 172 IEHVIIPRIERTLAYI ITELDEREREEFYRLKKIQEKKKILKEKS EKDLEQRR - - - - - - - - - AAGEVLEPANLLAEEKDEDLLFE
M. sexta 172 IEHVI IPRLERTLAYIISELDELEREEFYRLKKIQDKKKI IKDKAEAKKAALR - - - - - - - - - AAGQDLRDS ANLLDEGDEDLLF -
M. mazei 170 LEFKVIPEL IDTMKY IRFMLEEMERENTFRLKRVKARMRD - = = - c o o c o e o e i e e e ccccccceccacacacacacaeacaanaean-
T. thermophilus 164 LEQVVIPG IRAQIRF IQQVLEQREREDTFRLKRIKGKIEAREAEEEGGRPNPQ - - - - - - - - - - - -~ LEVGAGL - = = = = = = = = = =
E.hirae 170 LEYMT IPOQLEETIYYIKMKLEENERAEVTRLSQS EKYGNRRVRL IQFS ILMAF - = = = = = = = = = = - - FMIRTNRI - - -« = == = = = =

FIGURE 3. Surface electrostatic and hydrophobicity of DF assembly and sequence comparison of subunit D. A, surface electrostatic potential of the ScDF
complex with ScF shown as schematic and the DF interface labeled by an arrow is shown in the center. Surface electrostatic potential of ScD reveals that the
interacting surface with ScF is mostly hydrophobic, whereas the exposed N and C termini of ScD are composed of basic and predominantly acidic residues (left).
The interacting surface of ScF is predominantly hydrophobic (right). The electrostatic potential surfaces were calculated using APBS (56) and mapped at
contouring levels from —3 kT (blue) to 3 kT (red). B, sequence alignment of subunit D from different V-ATPases and ATP synthases, respectively. The secondary
structure elements of subunit D of the E. hirae A-ATP synthase and the S. cerevisiae V-ATPase are shown. The conserved sequence in the eukaryotic V-ATPases
is highlighted in red.
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FIGURE 4. Intermolecular interactions of DF assembly. A, superimposition of the ScDF1 (wheat and blue) with ScDF2 molecule (orange and light blue). Residues
Ala-155and Pro-179 of subunit D and Pro-95 of subunit F are labeled. B, interactions in the ScDF 1 molecule. The interaction of the very Cterminus of ScF1 compact form
with the N and C terminus of ScD1, and the interaction of the loop 2’IGQITPETQEK>® of ScF1 with the loop between the short helix and 8 hairpin region of ScD1 are
shownin theinset, respectively. C, ScDF2 molecule, where the ScF2 C-terminal helix is almost parallel to the N-and C-terminal helix of ScD2, is shown as schematic. Inset,
interactions of the C-terminal helix of ScF2 is presented. The electron density omit map (contoured at 2¢) is shown in green mesh.

and D). These data reveal that the C-terminal region of subunit  the recently determined structure of the N-terminal domain of
F can undergo dynamic movements in solution. subunit F, ScF(1-94) ((18) including the N-terminal residues
DISCUSSION 1-94) show an r.m.s.d. value 1.42 and 1.5 A, respectively, indi-

The crystallographic structure of subunit F of the ScDF1and ~ cating no major difference in the globular domain of these
ScDF2 molecule of the S. cerevisiae V-ATPase, respectively,and  structures. The present entire structure (118 amino acids) of
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FIGURE 5. Solution x-ray scattering studies of ScF. A, small angle x-ray scattering pattern (O) and its corresponding experimental fitting curves (- - -) for the
concentrations 2.0 (black) and 4.2 (red) mg/ml. The scattering curves of ScF are displayed in logarithmic units for clarity. Inset, Guinier plots show linearity for the
concentrations used, indicating no aggregation. B, pair-distance distribution function P(r) of ScF at 2.0 (black) and 4.2 (red) mg/ml. Inset, Kratky plot of ScF SAXS
data at 4.2 mg/ml. G fit of the scattering profile of the CORAL model with the best y value of 1.24 (red) to the experimental scattering pattern of ScF at 2 mg/ml
(black). D, CORAL model generated is superimposed with the solution shape of ScF. The compact monomer of the dimer is colored cyan, and the extended
monomer is colored magenta. The C-terminal helices are colored lighter and the flexible regions are represented as dots and colored red.

ScF in the ScDF1 molecule as well as the 116-amino acid struc-
ture of subunit F in the ScDF2 molecule give insights of the
important C terminus with its flexible loop (Pro-95-Asp-106)
and helix a5. The comparison of both subunit F structures (Fig.
4A) reveals differences mainly in the C terminus of both mole-
cules indicated by the high r.m.s.d. value (3.58 A). The Pro-95—
Asp-106-loop with its bent feature at Lys-105 enables structural
rearrangements, leading to a perpendicular or parallel orienta-
tion of helix a5 relative to the N- and C-terminal helix of
subunit D (Fig. 44). The solution x-ray scattering data of S.
cerevisiae V-ATPase subunit F confirm the flexibility of the
Pro-95-Asp-106 loop and demonstrate that this loop and helix
a5 are able to undergo a rearrangement from a compact sub-
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unit F to an extended C-terminal formation (Fig. 5D). These
data extend the recent findings of *°N-(*H) heteronuclear NOE
studies on ScF, demonstrating that helix a5 with the adjacent
Pro-95-Asp-106 loop is flexible in solution (18). As demon-
strated by the structure of the ScDF1 and ScDF2 molecules, the
flexibility of the C-terminal segment of ScF leads to different
interactions with the rotary subunit D, in which the C terminus
of subunit F is either in proximity to the subunit D residues
Asp-51, Lys-54, and Asp-160 (ScDF1 molecule) or with the sub-
unit D amino acids as Thr-47 and Asp-160 (ScDF2 molecule;
Fig. 4C). We showed most recently that subunit F of the eukary-
otic S. cerevisiae V-ATPase activates ATP hydrolysis of the
related archaea A; complex, in which ScF was reconstituted
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TABLE 2
Data collection and scattering derived parameters for ScF using SAXS

Data collection parameters

Instrument Bruker NANOSTAR

Beam geometry 100-pm slit

Wavelength (A) 1.3414

q range (A1) 0.01-0.5

Exposure time (min) 30

Concentration range (mg/ml) 2 and 4.2

Temperature (K) 288
Structural parameters”

10) (cm ™) (from P(r)) 999.9 + 7

R, (A) (from P(r)) 19.6 = 0.3

1(0) (cm™") (from Guinier) 1007 = 7

R, (A) gfrom Guinier) 19.3 + 0.6

D, (A 675*3

Porod volume estimate (A%) ) ~32,831

Dry volume calculated from sequence (A 15,903
Molecular mass determination”

Calculated monomeric M, from sequence 13,144

M, from 1(0) 21,305

M, from SAXS MoW 24,100

M, from excluded volume 23,200
Software employed

Primary data reduction SAXS

Data processing PRIMUS

Ab initio analysis DAMMIN

Validation and averaging DAMAVER

Rigid body modeling CORAL

Computation of model intensities CRYSOL

Three-dimensional graphics representations PyMOL

“ Data are reported for 2 mg/ml measurements.

with the A;B,D complex of the archaeal Methanococcus mazei
G61 A-ATP synthase.” In the same set of experiments, it was
demonstrated that no A;B;DF complex could be formed when
the C-terminal truncated ScF(1-94) was used, which under-
lines the need of the C terminus of subunit F for proper assem-
bly and enzyme activity.

The question arises to how the Pro-95-Asp-106-loop with
helix a5 of ScF connects the activation of ATP hydrolysis in the
catalytic A;B; headpiece of the enzyme. When the presented
ScDF1 and ScDF2 molecules, respectively, were docked into the
nucleotide-bound A,;B; headpiece of the related E. hirae
A-ATP synthase (26), no interaction between the compact
form of ScF (ScDF1 molecule) and the nucleotide-binding sub-
units A or B was observed. In comparison, Lys-114 of the
extended a5 helix of subunit F (ScDF2 molecule) comes in close
proximity (3.3 A) to Asp-480 of the AMP-PNP-bound catalytic
A subunit (Fig. 64), allowing a direct coupling between the
catalytic A subunit and the central stalk subunit F. The subunit
A-F arrangement confirms the requirement for the very C ter-
minus of subunit F, as described by the C-terminal truncated
ScF(1-94) above.®

As shown for the related bacterial F-ATP synthase, the cen-
tral stalk subunits ‘e in a3 3;y€ complexes, which are proposed
to be homologues to the DF assembly, and the A;B; headpiece
of V-ATPases, rotate in 80° and 40° substeps (57—60), or as
most recently shown for the human mitochondrial F,-ATPase
subunit, vy rotates in three 120° steps with sub-steps of 0—65,
65-90, and 90-120° (61). Here, we moved the DF assembly
inside the A,B, shaft by 80° and observed that amino acid Lys-
114 of the extended helix a5 of ScF comes in the neighborhood

®D. Singh, H. Sielaff, A. Griiber, G. Biukovi¢, L. Sundararaman, S. Bhushan, T.
Wohland, and G. Griiber, submitted for publication.
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to Glu-391 of subunit B, belonging to the C-terminal region
388V LGESALSDI?**? of subunit B (Fig. 6, B and C), which occu-
pies a similar position to the so-called DELSEED region of the
nucleotide-binding subunits « and B of F,F,-ATP synthases
(62). At the same time the subunit F residues Arg-80, Arg-83,
and Thr-51, Asp-52, Asn-55, Glu-59, Glu-60 of helix 2 and helix
4, respectively, are close to subunit A residues Ile-584, Val-585,
Ser-586, and Asn-543, Glu-544, Glu-547, Gly-548, respectively
(Fig. 6B). These interactions of subunit F with several subunit A
and B residues may change the nucleotide-binding and ATP
cleavage steps in the catalytic subunit A. The 80° movement of
the DF assembly also brings the bended C-terminal helix of ScD
in the interface of the nucleotide-free subunits A and B (Fig.
6D), where the amino acids Asn-190 and Glu-199 come in
proximity to the residue Thr-439 and Lys-335 of subunit A and
B, respectively. In the future, single molecule rotation studies of
the S. cerevisiae A;B,DF complex may provide more details
about sub-steps of the central stalk subunits DF inside the
V,-ATPase. This will be of great interest, because subunit F and
€ reveal no structural similarity, and subunits D and vy are sim-
ilar in respect to their N- and C-terminal helices. When the
globular domain of the E. coli subunit vy (Ecy) was superim-
posed with ScF, a similar fold of both domains could be
observed with respect to the central parallel B-sheet (81-£33),
which is flanked by the a-helices a1 and a2 on both sides of its
plane (Fig. 7). The sequence similarity of the globular domain of
Ecyand ScF is 18.9%. Future studies may show whether subunit
v is a fused form of subunits D and F of eukaryotic V-ATPases
as well as the related and evolutionary older A-ATP synthases,
respectively (5).

The structural differences observed in the C terminus of sub-
unit F in the ScDF1 and ScDF2 molecules of our presented
structure depicts not only two mechanistically relevant confor-
mations but also shows the stabilizing effect in the DF complex
via the formation of salt bridges at the interface of the C termini
of both subunits. The perpendicular orientation of ScF helix a5
relative to the N- and C-terminal helix of subunit D leads to the
interaction of Asp-51 and Asp-160 of ScD (ScDF1 molecule)
with amino acids Arg-111 and Arg-113 of subunit D, respec-
tively (Fig. 4B). This may stabilize the coiled coil formation
during rotary steps of the central DF assemblage. As shown for
the E. hirae A-ATP synthase, depletion of the C-terminal resi-
dues of subunit F led to insolubility of subunit D, indicating the
stabilizing role of the C terminus of subunit F in DF formation
(26).

As described recently and confirmed here, subunit F of
eukaryotic V-ATPases contains the conserved **GQITPETQEK>”
loop (Fig. 4B), which faces the C-terminal serine residue Ser-
381 of subunit H (18), revealed to be involved in F-H cross-
linking formation (Fig. 1) (18, 63). It has been proposed that in
the process of V; and Vg dissociation, the flexible C-terminal
domain of subunit H moves slightly closer to its nearest neigh-
bor, the exposed **GQITPETQEK?® loop of subunit F, where it
causes conformational changes, leading to an inhibitory effect
of ATPase activity in the V;-ATPase (18, 63). The present
ScDF structure shows for the first time that the unique
26GQITPETQEK®® loop of ScF is within 4 A of the
8°ESVSTARFK* loop of ScD. The two hydrogen bonding inter-
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(A) (B)

FIGURE 6.Fitting of the ScDF onto the DF subunits of the nucleotide-bound E. hirae A,-ATP synthase structure (3VR6 (26)). A, extended C terminus of ScF
(ScDF2 molecule) comes in contact with the EhA with the residue Lys-114 of ScF2 having electrostatic interaction with Asp-480 of EhA. Only one subunit A from
E. hirae hexamer is shown for clarity. The nucleotide is shown in stick representation. B, close view of the various interactions of the extended ScF with EhA and
B in the tight form of the A-B interface when ScDF2 is rotated by 80°. The a2 and o4 of ScF interacts with the C-terminal domain of EhA and o5 interacts with
EhB. C, top view showing the C-terminal domain of subunit A and B from E. hirae A,-ATP synthase and the position of ScDF2 after 80° rotation. ScF is in close
proximity to the tight form of the nucleotide-binding site, and ScD lies between the empty and bound forms. D, interaction of ScD with subunits A and B of E.
hirae. For clarity other subunits are removed from the hexamer.
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-

FIGURE 7. Superposition of subunit y of the E. coli F-ATP synthase with
ScF. Overall superposition of the E. coli subunit y ((51) 30AA; yellow) with ScF
subunit (4RND; blue). Inset, globular domain of the y subunit shares a similar
fold with ScF. The a-helices and B-strands of ScF are labeled. The B-hairpin of
Ecryis shown in red. Two views of the superposition, rotated by 90°, are shown
for clarity.

actions between the guanidine side chain of subunit D residue
Lys-93 and the carbonyl side chain of ScF residue GIn-27 as well
as the one between GIn-84 of ScD and Lys-35 of ScF may play
significant roles in this interaction. Interestingly, amino acid
Lys-93 is highly conserved in subunit D of eukaryotic V-
ATPases and is located at the beginning of the B-hairpin (Fig.
4B), which is reported to stimulate ATPase activity 2-fold in the
bacterial E. hirae A-ATP synthase (25). Furthermore, amino
acid Glu-85 is located at the end of the short helix
("IGYQVQE®®) of subunit D. This short helix is discussed to be
involved in energy coupling and to play an important role in
reversible disassembly (18).

'>N'H heteronuclear NOE studies on the S. cerevisiae sub-
unit F revealed a rigid core formed by $3-strands, 81 to 34, and
a2 to o4. In comparison, the N- and C-terminal helices al
and o5 with their adjacent loops **GQITPETQEK®® and
IPSKDHPYD'“?, respectively, are more flexible in solution
(18). The N-terminal helix a1 of subunit F and the bottom seg-
ment of subunit D form the neighborhood with subunit d (18).
It has been proposed that this area is important during the
process of dissociation and reassembly of the V, and V sec-
tors. In this scenario, the higher flexibility of al in subunit F
would allow transmission of a change in subunit d during dis-
sociation from the DF heterodimer and also the movement of
subunit H closer to F, via the neighboring **GQITPETQEK?>®
loop (18). In the latter case, the signal of V,V, disassembly may
be communicated by the **GQITPETQEK?®® loop to the neigh-
boring **ESVSTARFK®® loop of ScD and in turn to the short
helix ("’IGYQVQE®?) as well as the B-hairpin of subunit D. In
addition, the **GQITPETQEK?>® loop would transfer the H to F
movement via the second flexible **IPSKDHPYD'°* loop,
which is adjacent to helix a5. Subsequently, helix a5 moves
from its extended position away from the catalytic A subunit to
the perpendicular orientation, leading to reduction of ATPase
activity.
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